Abstract In the framework of probabilistic seismic hazard analysis, the preferred approach for obtaining the response spectrum of the vertical component of motion is to scale the horizontal spectrum by vertical-to-horizontal (V/H) spectral ratios. In order to apply these ratios to scenario or conditional mean spectra, the V/H ratios need to be defined as a function of variables such as magnitude, distance, and site classification. A new model for the prediction of V/H ratios for peak ground acceleration and spectral accelerations from 0.02 to 3.0 s is developed from the database of strong-motion accelerograms from Europe and the Middle East. A simple functional form, expressing the V/H ratios as a function of magnitude, style of faulting, distance, and site class, is found to be appropriate, and the associated aleatory variability is found to be at least as low as that obtained in other studies using more complex models. The predicted ratios from the new European model are found to be in broad agreement with recent models derived from predominantly western North America data.
Introduction
Lateral loads imposed on structures are the primary cause of damage in earthquakes, but the vertical component of ground shaking can also contribute to the destructive capacity of the motion in many situations. For consideration of such cases, and for modeling the interaction between the horizontal and vertical components of the ground motion, it is necessary to define the input to structural design in terms of both vertical and horizontal accelerations. The reader is referred to Bozorgnia and Campbell (2004a) for the significance of vertical ground motions in engineering design applications. When generating design response spectra through probabilistic seismic hazard analysis (PSHA), one option is to repeat the hazard integrations conducted in terms of horizontal response spectral ordinates using ground-motion prediction equations (GMPEs) for the vertical spectral ordinates. The problem with such an approach is that, if the hazard at a particular response period is subsequently disaggregated for a given annual exceedance frequency, it may often be found that the vertical and horizontal spectral accelerations are controlled by different earthquake scenarios. This shortcoming becomes particularly important if three-component acceleration time-histories are subsequently required for dynamic structural analyses. The preferred approach, therefore, is to generate the vertical spectrum by multiplying the horizontal spectrum by verticalto-horizontal (V/H) ratios.
Such V/H ratios can be applied to the uniform hazard spectrum (UHS), to a scenario spectrum, or to a conditional mean spectrum (CMS) (Baker and Cornell, 2006) , as discussed by Gülerce and Abrahamson (2011) . The CMS, in effect, is a special case of the scenario spectrum that accounts for the decreasing correlation of the variability of spectral ordinates with increasing separation of response periods. The first option (UHS) has two important shortcomings, the first being that the UHS is not a suitable target for the selection and scaling of accelerograms (e.g., Thenhaus and Campbell, 2002) , and the second that generic rather than scenariospecific V/H factors would need to be used. The latter options of applying V/H ratios to a scenario spectrum or CMS are preferable, but they require models for predicting V/H ratios as a function of the explanatory variables that characterize the controlling earthquake scenario and the site of interest. Therefore, as a minimum, such a model should include the influence of earthquake magnitude, source-to-site distance, and site class; style of faulting may also be a relevant parameter.
Another point that should be noted regarding such models is that the vertical component of ground motion tends to be most pronounced at short response periods, and vertical vibration modes of structures tend to have much shorter periods than do modes of horizontal vibration. Therefore, models for V/H spectral ratios should ideally be derived for a wide range of response periods and in particular to provide good coverage of the short-period range of the response spectrum.
For application to a UHS or to a scenario spectrum, only the median values of the V/H ratios are required. This makes the implicit assumption that the aleatory variability associated with the prediction of the vertical component is equal to that associated with the horizontal component, whereas the results of some studies suggest that the former might actually be slightly larger (Campbell and Bozorgnia, 2003) . For the most accurate generation of vertical spectra, Gülerce and Abrahamson (2011) propose applying the V/H ratios to the CMS and additionally adjusting for the period-to-period correlation between the horizontal spectral ordinates and the V/H ratios. This approach requires a measure of the variability of the predicted V/H ratios, so this becomes another requirement for these models.
Despite the clear need for V/H spectral ratio models, relatively few have been presented in the literature, and there are important shortcomings with some of the existing models. In the next section, models for the V/H ratios of response spectral ordinates are reviewed, after which we present the generation of a new V/H model using the current European strong-motion database.
Models for V/H Response Spectral Ratios
The existing models for predicting the V/H ratio of response spectral ordinates can be grouped into three categories: (1) codes and regulations, which present generic ratios that usually vary only as a function of site classification; (2) independent predictions of the vertical and horizontal components of motion, which allow the median V/H ratio to be calculated for a given scenario; and (3) direct predictions of the V/H ratio, which have the advantage of generally including a measure of the associated variability. The currently available models in each of these three categories are reviewed in the following three subsections.
V/H Ratios from Codes and Regulations
Many seismic design codes do not consider the vertical component of motion at all, and, among those that do specify a vertical response spectrum, it is not uncommon for this to be specified simply as 2=3 of the horizontal spectrum at all response periods. There are, however, a few code-specified vertical spectra that more realistically reflect the variation of the V/H ratio with response period. The earliest of these is Regulatory Guide (RG) 1.60 (United States Atomic Energy Commission [USAEC], 1973) , in which the V/H spectral ratio is equal to 2=3 for frequencies of less than 0.25 Hz but equal to 1.0 for frequencies above 3.5 Hz. McGuire et al. (2001) proposed updates intended to replace the RG 1.60 spectra, for which they put forward distinct V/H spectral shapes for the western United States and for central and eastern United States. These ratios are defined for rock sites and vary with the range of expected peak ground acceleration (PGA) value in rock, as a surrogate for capturing the influence of magnitude and distance.
Eurocode 8 (2004) was among the first codes for the seismic design of buildings to include a vertical spectrum defined independently from the horizontal spectrum, based largely on the proposed V/H model of Elnashai and Papazoglu (1997) . The National Earthquake Hazards Reduction Program [NEHRP] (2009) provisions have similarly introduced an independent specification of the vertical spectrum, based in this case on the proposals of Bozorgnia and Campbell (2004b) . Other recent proposals for simple V/H spectral ratios include those of Malhotra (2006) and Cauzzi and Faccioli (2008) . Figure 1 compares the implied ratios from EC8 and NEHRP (2009) with other simplified models. Figure 1a presents the V/H ratios embedded in these codes, as well as those proposed in the McGuire et al. (2001) study. Figure 1b plots include the empirical relationships of Cauzzi and Faccioli (2008) and Bozorgnia and Campbell (2004b) , which is derived from the equations of Campbell and Bozorgnia (2003) that are discussed in the next section. The comparisons in Figure 1 clearly illustrate one of the key shortcomings of simplified V/H ratios such as those embedded in seismic design codes: they are generally unable to capture the strong influence of source-to-site distance. As noted previously in this paper, the approach of McGuire et al. (2001) to condition the V/H ratios to the rock PGA at the site, partially overcomes this problem. However, in general the use of such simplified V/H ratios is not ideal for site-specific applications. The main use of the generic V/H ratios encountered in design codes and regulations is to transform a horizontal UHS (approximated by the design spectrum) to a vertical UHS, for which little more than the site classification and the site-specific levels of motion will generally be known, unless a disaggregation is performed.
V/H Ratios from Independent Predictions of Spectral Ordinates
The V/H spectral ratio can be constructed for any earthquake scenario using independent GMPEs for the horizontal and vertical spectral ordinates, provided these are derived from the same dataset. We have identified 16 such pairs of predictive models in the current literature; their key characteristics are summarized in Table 1 in terms of the magnitude and distance ranges covered, as well as the range of response periods for which V/H ratios are provided (apart from PGA, which can be assumed as being equivalent to the spectral acceleration at 0.01 s).
Although included in Table 1 , it should be noted that Bragato and Slejko (2005) used 3168 records for the vertical component model but only 1402 horizontal pairs for the equations to predict horizontal spectra, which means that the models cannot really be considered as compatible. Limitations with several of the other models in Table 1 are immediately apparent, with several of them being specific to individual countries or even subregions of countries. If we eliminate models for which the maximum magnitude considered is not greater than moment magnitude (M w ) 7 and those for which the minimum period covered is 0.10 s, 10 of the 16 models would be eliminated from further consideration.
From the six surviving models, Campbell (1997) can also be excluded because it has been superseded by Campbell and Bozorgnia (2003) . Berge-Thierry et al. (2003) and Cauzzi and Faccioli (2008) , while nominally applicable to larger magnitudes, have the disadvantage of being based on hypocentral distance (R hyp ), which is not an appropriate measure for larger events. Moreover, BergeThierry et al. (2003) only differentiates between rock and soil sites, without any additional refinement in terms of site classification.
This leaves just three models, two of which only extend down to 0.05 s (Ambraseys et al., 2005a (Ambraseys et al., , 2005b Campbell and Bozorgnia, 2003) , with only Abrahamson and Silva (1997) including periods as short as 0.01 s. The Ambraseys et al. (2005a) model is for the larger horizontal component of motion, whereas ground-motion predictions are increasingly based on the geometric mean component; conversions can be easily made (e.g., Beyer and Bommer, 2006, 2007) , but this adds uncertainty to the vertical spectrum prediction.
If,in addition to the various criteria discussed thus far in this paper, one were to make it a requirement to predict spectral ratios at response periods below 0.05 s, then only the model of Abrahamson and Silva (1997) would still be in contention. However, that model would not serve for all applications because it does not include an estimate of variability associated with the V/H predictions, and this could only be obtained by calculating all of the residuals for their dataset. Of the 16 studies listed in Table 1 , only Campbell and Bozorgnia (2003) performed the exercise for rock sites, compared with (b) those from Cauzzi and Faccoli (2008) and Bozorgnia and Campbell (2004b) for different distances. "Rock site" is taken as an NEHRP B site class definition for NEHRP (2009), whereas it is a Type A site class for EC8. Among the individual studies, Cauzzi and Faccioli (2008) define rock site conditions for V S30 ≥ 800 m=s, and Bozorgnia and Campbell (2004b) consider the sites with V S30 800-330 m=s as rock.
of calculating V/H residuals and reporting the standard deviations.
Direct Predictions of V/H Ratios
To our knowledge, there are only four current models for the prediction of V/H ratios as a function of magnitude, distance, and site class. The models of Ambraseys and Simpson (1996) and of Kalkan and Gülkan (2004a) both predict the natural value of the V/H ratio rather than its logarithm, which means that the ratio could become negative for low exceedance levels. There are also other deficiencies with these models, as noted in the discussion in the preceding section (V/H Ratios from Independent Predictions of Spectral Ordinates), but they do not warrant further discussion. The model of Ambraseys and Douglas (2003) is a function only of style of faulting, being based on data from earthquakes of surface-wave magnitude (M s ) 5.8-7.8 and recordings obtained at distances of not more than 15 km from the source. This restriction to very short distances, and the fact that it considers a minimum period of 0.10 s, severely limit the applicability of this model.
The model of Gülerce and Abrahamson (2011) considers the main explanatory variables such as magnitude, distance, and site class in estimating the V/H ratio. Gülerce and Abrahamson (2011) Gülerce and Abrahamson (2011) V/H model accounts for the nonlinear soil response, and this leads to stronger influence of site effects than in most other models, with high V/H ratios on soft soil sites at short distances. The V/H spectral ratio equations are derived for spectral periods up to 10.0 s, based on the recommended usable period ranges of horizontal and vertical ground motions in the PEER NGA database (Chiou et al., 2008) .
Database and Record Processing
The V/H model presented here is based on the effort of processing an expanded databank of strong-motion accelerograms from Europe, the Middle East, and the Mediterranean region. These data include the records compiled for the study of Ambraseys et al. (2005a) , as used by Akkar and Bommer (2007a , 2007b , 2010 , from earthquakes of M w 5 and greater, and the complementary data from smaller events compiled by Bommer et al. (2007) . The databank has been expanded for all magnitude and distance ranges (3 < M w ≤ 7:6 and Joyner-Boore distance R JB ≤ 200 km) by the addition of the new Italian Accelerometric Archive (ITACA) strong-motion database and the recently compiled Turkish strong-motion database (Akkar et al., 2010) . Accelerograms with M w ≥ 4:5 and R JB ≤ 100 km are selected from this databank for the derivation of the V/H model. Figure 2 presents the M w -R JB distribution of the 1267 accelerograms used in this study in terms of style of faulting and site class. The accelerograms were recorded from a total of 392 earthquakes that occurred in Europe and the surrounding regions. The style of faulting (SoF) is deter- mined by using (a) the P, T, and B parameters of the fault plane solutions (Frohlich and Apperson, 1992) whenever they are available and (b) the rake angle intervals proposed by Boore et al. (1997 ), Campbell (1997 , and Sadigh et al. (1997) . This approach used for classifying the style of faulting has been the state of practice in the previously compiled European datasets; we chose not to update it by following the recent NGA criteria, which differ from one model developer to another (Abrahamson et al., 2008) . The site classification is based on specific V S30 intervals, inferred either from in situ geophysical measurements or geological explorations, and it is consistent with the site-class definitions described in EC8 (Eurocode 8, 2004) and NEHRP (2009): rock (V S30 ≥ 750 m=s), stiff soil (360 m=s ≤ V S30 < 750 m=s), and soft soil (180 m=s ≤ V S30 < 360 m=s). Major features of earthquakes in the database, number of accelerograms used from each event, and their distance ranges are given in Table A1 (see Appendix).
The long-period filter parameters (low-cut filter values) are determined by applying the criteria outlined in Akkar and Bommer (2006) . For the selection of high-cut filter values, the high-frequency noise behavior discussed in Douglas and Boore (2011) is used. After identifying the noisy portion at the high-frequency end of the Fourier acceleration spectrum, it is removed by choosing a high-cut filter value that is judged to be appropriate. On the basis of the results in Akkar et al. (2011) , the high-cut filtering influence becomes negligible for vibration periods greater than 0.05 s. The current database consists of horizontal and vertical accelerograms for which the spectral ordinate of the filtered record differs by less than 10% from that of the mean-removed record for T ≤ 0:05 s. This criterion was proposed by Akkar et al. (2011) after looking at the simple statistics of the spectral ratios of the filtered to mean-removed records at several short-response periods for both the horizontal and vertical components. For periods longer than 0.05 s, the criteria described in Akkar and Bommer (2006) are applied to minimize the filtering distortions at longer periods. Figure 3 shows the period-dependent data variation in terms of SoF and site class after applying the Akkar and Bommer (2006) and Akkar et al. (2011) criteria. Regardless of SoF and site classes, the loss of data due to filtering effects becomes noticeable after T 1:0 s. There is also a significant loss of events with multiple recordings at T 3:0 s that results in an increase in the percentage of singly-recorded earthquakes in the database. On the basis of these observations, it was judged that at periods beyond 3.0 s the data would be insufficient to allow robust regression analyses, and this was therefore selected as the limiting period for the proposed V/H model in this study.
Regression Analyses
The actual V/H trends at several vibration periods and several functional forms (complex to simple) are explored before executing the final regression analyses. This section first describes the behavior of V/H trends under different estimator parameters and then presents our observations on different functional forms that identified the optimum V/H model proposed in this study. Figure 4 shows the average V/H ratios for a set of predetermined spectral periods (T 0:0 [PGA], 0.10, 0.20, 0.40, 1.0, and 2.0 s ). For a given period, the data are divided into three magnitude ranges (i.e., 4:5 ≤ M w < 5:5, 5:5 ≤ M w < 6:5, and M w ≥ 6:5) and the data falling into these M w intervals are clustered into 10-km distance bins. The data are initially modified for strike-slip faulting and rock site conditions by using empirical scaling factors obtained from a preliminary set of regression analyses in order to utilize the (a) (b) Figure 3 . Period-dependent variation of usable recordings as a function of (a) style of faulting and (b) site class.
Observed Trends of V/H Ratios with Explanatory Variables
results of the whole dataset in the examination of V/H trends. The average V/H ratio of each distance cluster is plotted on the scatter diagram of the corresponding spectral period. The average V/H ratio is computed whenever the number of records in a cluster is greater than 4. Regardless of the spectral period, the V/H trends in Figure 4 do not display strong magnitude dependence. The data from the largest magnitude interval (i.e., M w ≥ 6:5) also do not exhibit a significant saturation trend at short periods and at close distances. The ratios tend to decay with increasing distance for T ≤ 0:05 s, they are almost independent of distance at T 0:20 s, and they mildly increase with increasing distance for T ≥ 0:40 s. The gradient of distance-dependent V/H variation seems to be free of magnitude effects. Several investigators offered seismological explanations for the observed dependency of V/H on distance that are related to S-to-P-wave conversion and the dominance of incident SV and P waves, depending on the source-to-site distance and other geological conditions (Kawase and Aki, 1990; Silva, 1997; Amirbekian and Bolt, 1998; Beresnev et al., 2002) . These discussions are beyond the scope of this study, and the interested reader is referred to the literature cited previously in this paper for further information. The V/H becomes maximum at very short periods and attains minimum values at T 0:20 s and T 0:40 s.
Exploration of Functional Forms
Three functional forms are investigated in the light of observations presented in the previous section. The base functional form is presented in equation (1), which considers magnitude-dependent geometrical spreading and also includes a second-order magnitude term to account for the saturation effects. This functional form has been used in Akkar and Bommer (2007a , 2007b , 2010 and Bommer et al. (2007) to estimate PGA, peak ground velocity (PGV), and 5%-damped spectral ordinates for the previous versions of the pan-European strong-motion databases:
In equation (1), S S and S A are dummy variables taking the value of 1 for soft (180 m=s ≤ V S30 < 360 m=s) and stiff (360 m=s ≤ V S30 < 750 m=s) sites, respectively (and 0 otherwise), and F N and F R are similarly defined for normal and reverse faulting earthquakes, respectively. The hypothetical depth term b 6 is kept as 7.5 km while exploring the functional forms.
Figure 5 presents the median V/H trends obtained by running the regression analysis for equation (1). The regression analysis is conducted using the one-stage maximumlikelihood technique proposed in Joyner and Boore (1993) . The plots use the same set of spectral periods given in Figure 4 and show the variation in median V/H as a function of distance for M w 5, 6, and 7 (midpoints of magnitude clusters used for the discussion of actual data trends in Figure 4 ). The median curves in Figure 5 display a significant sensitivity to the changes in magnitude at short periods. For PGA, the median V/H curve of M w 5 is between the corresponding curves of M w 6 and 7, for which it would be difficult to provide a physical explanation. As for the longer-period (i.e., T ≥ 0:4 s) median V/H behavior, the ambiguity in terms of magnitude scaling still persists. This time the median V/H curves of M w 7 almost overlap the M w 6 median curves. These observations are contrary to the actual data trends discussed in the previous section, and they suggest not using equation (1) for estimating the V/H ratio. It may also be the case that the database used in this study may not be sufficient to fully constrain the complex seismological estimator terms in equation (1). On the basis of the preceding discussions, two simplified versions of equation (1) are evaluated to determine the most appropriate functional form for the proposed V/H model. The first simplified version mutes the coefficient b 5 (magnitude-dependent multiplier on the distance term), and the second version (the simplest among all tested functional forms) mutes both b 3 (second-order magnitude term that accounts for saturation effects) and b 5 . Median V/H ratios are presented in Figure 6 for the second simplified version. In view of the median curves presented in Figure 6 , the simplest functional form seems to fit very well the V/H trends of the actual data. This form avoids the deficiencies discussed for equation (1) and yields unbiased estimations that are verified by conventional residual analysis, which is described in detail in the next section.
Regression Analyses
Regression analyses to estimate V/H ratios for PGA and 5%-damped spectral accelerations up to a period of 3.0 s are conducted for the simplest functional form that is found to be optimal with respect to the other two alternatives. We do not derive V/H ratios for PGV because vertical PGV is not widely used in current engineering design practice. The aleatory variability is represented by homoscedastic sigma, as in the case of Akkar and Bommer (2010) , and it is decomposed into inter-and intraevent components. The final functional form is given in equation (2) for completeness:
Table A2 (see Appendix) presents the regression coefficients of the proposed V/H model. The hypothetical depth coefficient (b 6 ) is set at 5 km in the final computations because this value resulted in a slightly narrower distribution of residuals. The last three columns in Table A2 list the intraevent (σ intra ), interevent (σ inter ), and total (σ total ) standard deviations of the model. The period-dependent variations of standard deviations are also given in Figure 7 ; it shows that, independent of period, the total standard deviation is approximately 0.2. The level of total sigma computed in this study is similar to those presented in the recent V/H models (e.g., Gülerce and Abrahamson, 2011; Bozorgnia and Campbell, 2004b) ; this is explored further in the following sections. Interevent variability is the minor contributor to the total standard deviation, as is generally the case for empirical GMPEs. The minor role of this component on the variability is, as expected, even smaller for the V/H ratios because the Figure 6 . Median V/H trends for a set of spectral periods as a function of magnitude and distance using equation (1) interevent terms of vertical and horizontal ground-motion components (which are correlated) cancel each other, which results in an overall reduction in the interevent variability of the proposed model.
The overall performance of the proposed V/H GMPEs is evaluated through conventional residual analysis. Figure 8 shows the inter-and intraevent residual scatters of preselected short-to long-period V/H estimates (i.e., PGA and T 0:4, 1.0, and 2.0 s). The possible bias in median V/H estimates with respect to magnitude is investigated by studying the interevent residual trends (left panel in each row). The dependence of median V/H estimates on distance is explored from the intraevent residuals (right panel in each row). The plots also contain straight-line fits and their 95% confidence intervals to better visualize the possible trends in residuals in terms of these estimator parameters. Whenever the straight-line fits have a slope term that is significantly different than zero, the V/H estimates can be considered as biased for the corresponding estimator parameter.
We applied sample t statistics to test the null hypothesis that the slope term of a straight-line fit is zero. The significance level (p) provided by this statistical test is used for rejecting or not rejecting the null hypothesis. A p value that is well above 0.05 is generally accepted as sufficient for not rejecting the null hypothesis, namely the insignificance of the slope term in the straight-line fit. The results in Figure 8 indicate a fairly good performance in the median V/H estimates from the model proposed in this study. The p values presented in the upper right corners of the magnitude-and distance-dependent residual plots attain values much larger than 0.05. This observation suggests that the slopes of the straight-line fits are not significant and that there is no model misfit for magnitude and distance. Relatively large residuals at the high-and low-magnitude ranges can result from the uneven data distribution toward larger magnitudes and increased magnitude uncertainty for smaller events. Nonetheless, the overall evaluations suggest an acceptable level of accuracy in the V/H estimates of the proposed model. Figure 9 . Median V/H spectra for different magnitude and distance ranges computed from the proposed model.
Predicted V/H Spectral Ratios
Variations in median V/H under the influence of the considered explanatory variables are presented in this section through different scenarios. We also compared the estimations of our model with the recent V/H GMPEs of Gülerce and Abrahamson (2011) and Bozorgnia and Campbell (2004b) (abbreviated as GA11 and BC04, respectively). These models constitute the most up-to-date developments on V/H ratio predictions and provide sigma values that are a fundamental requirement for this application.
Median V/H Ratios of the Proposed Model and Associated Variability Figure 9 shows the variation of median V/H spectra for the entire period band by considering the specific magnitude and distance combinations for strike-slip faulting and rock site conditions. V/H ratios corresponding to PGA are presented at T 0:01 s in Figure 9 , as well as in Figures 10 to 15, because PGA mimics the spectral acceleration at T 0:01 s. The plots confirm the negligible effect of magnitude on V/H ratios. Small magnitude events result in slightly larger V/H ratios at very short periods (i.e., T ≤ 0:04 s) and for T > 0:2 s. This trend is reversed between these two response periods. The V/H ratio attains its maximum at very short periods that increase slightly with increasing distance. Independent of the variations in magnitude and distance, the V/H spectrum tends to increase for T ≥ 0:5 s. This trend is more noticeable at larger distances.
Figures 10 and 11 show the median V/H estimations for different site classes and style of faulting, respectively. Both figures consider a site located 5 km from the causative Figure 10 . Median V/H spectra for different site classes for a site located at a distance of R JB 5 km from a strike-slip fault. Figure 11 . Median V/H spectra for different style of faulting for a rock site located R JB 5 km from the causative source. fault rupture of small and large magnitude earthquakes with M w 5 and 7, respectively. The V/H spectra in Figure 10 indicate that the site term becomes influential for T > 0:20 s, and it is independent of the variations in magnitude. The difference between the V/H ratios steadily increases with the stiffness of the site, and it becomes more apparent towards longer periods. The V/H plots in Figure 11 show the dominance of strike-slip events in the short-period interval with respect to the other style of faulting. The median V/H values resulting from normal and reverse events exceed the strikeslip V/H ratios as the period shifts toward the long-period range of the spectrum. These patterns are consistent with the predictive V/H models proposed by Bozorgnia and Campbell (2004b) and Gülerce and Abrahamson (2011) . The latter models also suggest the dominance of strikeslip V/H ratios in the short periods that are overtaken by either normal or reverse style of faulting in the longer period range.
The final plot (Fig. 12 ) in this section compares the median and eighty-fourth percentile V/H spectra for different magnitude levels (M w 5, 6, and 7). The earthquake scenario used in the comparisons is a rock site located at a JoynerBoore distance of 5 km from a strike-slip event. The comparative plots indicate that the eighty-fourth percentile V/H spectra range is between 1.0-1.4 at short periods and that they are bounded between 0.8-1.0 for longer periods. These values are approximately 60% larger than the median V/H spectra and can be considered as valid for the entire magnitude and distance range of the model.
Comparisons with Other Studies
The models compared herein all use M w . GA11 uses R rup for the distance term. The distance metric in BC04 is R SEIS (shortest distance to the assumed zone of seismogenic rupture on the fault), and the proposed model describes source-to-site distance by R JB . All of these distance metrics depend on the fault geometry, depth to top of rupture, and rupture dimension that are associated with the event size and style of faulting. The particular features controlling each distance metric are accounted for by using empirical relationships proposed in the literature (Scherbaum et al., 2004) . The magnitude-dependent depth-totop-of rupture (Z TOR ) values proposed by Abrahamson et al. (2008) , seismogenic depth (d seis ) information given in Campbell (1997) , and rupture dimension relationships in Wells and Coppersmith (1994) are used for calculating the distance metrics of concern for a vertical strike-slip fault. The R JB and R SEIS distances are calculated for the magnitude scenarios of M w 5, 6, and 7 by setting R rup equal to 10 km. For M w 5, 6, and 7, d seis takes the values of 7.1, 4.9, and 3 km, respectively (Campbell, 1997) . Accordingly, R seis equals 10.7, 10.57, and 10.4 km for M w 5, 6, and 7, respectively. The R JB values are calculated as 8, 9.37, and 9.95 km for M w 5, 6, and 7, respectively, when the corresponding magnitude-dependent Z TOR values are estimated as 6, 3.5, and 1 km from Abrahamson et al. (2008) . The chosen magnitudes, as well as the distance, are covered by all the GMPEs considered in the comparisons. The comparisons are based on a generic rock site and a generic soil site. The former site is described by a V S30 of 620 m=s, whereas the latter is suggested to have a V S30 value of 310 m=s (Bozorgnia and Campbell, 2004b) ; the same shear-wave velocities are used in GA11. The generic rock site is mimicked by the geometric mean of rock and stiff sites for our model (notwithstanding the appreciable uncertainty in site classification of European strong-motion stations). We assumed that the soft-soil description of our model can represent the generic soil condition in the comparisons. Figure 13 presents the comparisons for the specific scenarios described in the preceding paragraph. The upper two rows show the comparisons for a generic rock site, whereas the lower two plots compare the models for generic soil condition. The first row in each pair shows the comparisons for median V/H spectra, whereas the plots under the median V/H estimations display the same information for the eighty-fourth percentile spectra. The first column of plots in this figure compares the GMPEs for a scenario earthquake of M w 5. This is followed by M w 6 and M w 7 cases in the second and third columns, respectively. Models are plotted for the spectral period ranges suggested by the authors of the models. The immediate observation from the comparative plots is the consistent V/H trends among all GMPEs. For generic rock comparisons, the median V/H spectra of GA11 and this study follow each other closely except for and generic soil site (lower 2 rows) located at a distance of R rup 10 km from a vertical strike-slip fault (i.e., dip angle, δ 90°). The selected models are abbreviated with the initials of their developers: GA11 stands for Gülerce and Abrahamson (2011) and BC04 is Bozorgnia and Campbell (2004b) . the short-period V/H values of the M w 7 case, where GA11 yields higher estimations. The discrepancy between our model and that in GA11 increases with increasing magnitude for the median estimations of generic soil class. Speculatively, this can be attributed to the lack of soil nonlinearity in our model, as well as to the uncertainty imposed by the generic site class definitions in our database. Regardless of the magnitude, the discrepancy between these models increase for the eighty-fourth percentile spectra as GA11 estimations are considerably higher than this study. The BC04 model generally agrees well with this study and GA11 for T > 0:1 s, independent of the variations in magnitude, site, and exceedance level. The BC04 model estimates rather high V/H ratios at short periods with respect to GA11 and this study for rock sites. Both GA11 and BC04 predict similar median V/H estimations for the generic soil at short periods, but this consistent trend diminishes for the eighty-fourth percentile spectra, as BC04 estimates are higher with respect to GA11. We believe that any apparent regional differences at the larger magnitudes that drive seismic hazard assessments arise predominantly from data distributions and functional forms rather than pronounced and systematic regional differences. Having said this, the presented model as well as the other ones discussed in the paper, are applicable to active regions of shallow crustal seismicity, and additional work would be required before applying them to subduction zones or stable continental regions. Figure 14 compares the total sigma values (transformed to natural logarithms) from these three models, all of which are heteroscedastic except for the new model derived in this study. As can be immediately appreciated from this figure the aleatory variability of the current model is generally rather low compared with the others. For the M w 7.5 case, the Bozorgnia and Campbell (2004b) model has slightly smaller sigma values at longer periods with respect to the new model.
The last set of comparisons presented in this section comprise the V/H ratios obtained from our model and those of Ambraseys et al. (2005a Ambraseys et al. ( , 2005b ) that estimate the horizontal and vertical spectral ordinates from separate expressions. The Ambraseys et al. model was derived using a different dataset for estimating the ground motions for Europe and the Middle East. Because it estimates the maximum of two horizontal components, we used the empirical adjustment factors in Beyer and Bommer (2006 Bommer ( , 2007 to convert their horizontal spectral estimates to a geometric-mean horizontal-component definition. No further adjustment is required between the two models because they use the same estimator parameters for magnitude and distance. Both models use the same methodology for site classification. The comparisons are done only for the rock site scenario that is described in the previous paragraphs and are presented in Figure 15 . The models agree fairly well for M w 6 but differ for the smaller (M w 5) and larger (M w 7) events. The observed differences at large and small magnitudes tend to diminish with increasing period (i.e., T > 0:2 s). The V/H ratios calculated from Ambraseys et al. (2005a Ambraseys et al. ( , 2005b are sensitive to the magnitude variations, which is observed neither in our model nor in the models discussed in the previous paragraphs. The pronounced differences between these two pan-European models may stem from the database differences. The database presented in this study is larger than the Ambraseys et al. database; it also contains more up-to-date metadata information, particularly for the site classes of strong-motion stations. Another source of difference between these models could be the discrepancy in the lower magnitude limits because Ambraseys et al. (2005a Ambraseys et al. ( , 2005b considers events with M w ≥ 5, whereas the smallest magnitude in our model is M w 4.5. Differences in the magnitude ranges of predictive models may seriously affect their ground-motion estimations . 
Discussion and Conclusions
In this paper we have presented a model for the prediction of the ratios of vertical-to-horizontal spectral accelerations at response periods up to 3.0 s, using strong-motion data from Europe and the Middle East. We believe that the model can be used to estimate the distribution of V/H ratios of ground motions generated by shallow crustal earthquakes in this region with magnitudes from M w 4.5 to 7.6. The equations predict V/H ratios as a function of magnitude, style of faulting (reverse, normal, strike-slip), distance, and site classification (rock, stiff soil, soft soil). The equations are applicable for Joyner-Boore distances up to 100 km, which is likely to be sufficient because V/H ratios will generally be applied to scenarios determined from disaggregation of PSHA. For regions of crustal seismicity and for annual exceedance frequencies of engineering interest, the controlling earthquake scenarios will usually be located at relatively short source-to-site distances. The model uses a rather simple functional form, and its extrapolation for magnitudes and distances exceeding the bounds of the dataset should be performed with caution.
This new V/H model addresses a lack of predictive equations for the logarithm of vertical-to-horizontal ratios of response spectral ordinates as a function of these explanatory variables, and it is the first such model derived specifically for application in the European, Mediterranean, and Middle Eastern regions. In order to fully address the issue of epistemic uncertainty in ground-motion prediction, a single predictive model is not sufficient. Having said this, fewer models are required for V/H ratios than those included in the logic-tree formulation for the horizontal response spectra (e.g., Bommer et al., 2005) because the epistemic uncertainty in the ground motion will already be captured to a large degree in the horizontal motion. Nonetheless, a comprehensive PSHA should also address the epistemic uncertainty in the prediction of the V/H ratios. A feasible approach would be to combine this new model with that of Gülerce and Abrahamson (2011) , which is derived from the NGA dataset and, if a third model is required, that of Bozorgnia and Campbell (2004b) , notwithstanding that the latter does not cover the shortest response periods. Because it has been shown that the NGA models are applicable to the European region (Stafford et al., 2008) , combining the Gülerce and Abrahamson (2011) model with the model presented in this paper may offer a suitable way to capture epistemic uncertainty in V/H ratios for seismic hazard analyses in Europe. We might also dare to suggest that pending the publication of new V/H models from the NGA-West 2 project (see Data and Resources), the same combination of V/H models could be used meanwhile in hazard studies in western North America. The two models- Gülerce and Abrahamson (2011) and our European model-are compatible, or at least consistent, in terms of parameter definitions, a fact that facilitates their combination. One exception to this is that, whereas their model employs the R rup distance metric, we use R JB ; this means that adjustments will be needed (Scherbaum et al., 2004) , or the earthquake sources will need to be simulated in the hazard calculations in a way that allows the two distance metrics to be calculated correctly for each scenario (Scherbaum et al., 2006) . The other important difference between our model and the Gülerce and Abrahamson (2011) model is the definition of site terms, for which the latter use a continuous V S30 -dependent function and the former is based on generic site classes (an abiding weakness due to the lack of well-determined V S30 values for strong-motion sites in Europe). Nonetheless, the close agreement between the NGA and global pan-European models (e.g., Stafford et al., 2008; Campbell and Bozorgnia, 2006) encourages their complementary use for defining the hazard in Europe and the surrounding regions.
An element missing from this study is a model for the period-to-period correlations between the residuals of the V/H ratios and the residuals of the horizontal spectral ordinates, which are required to generate vertical CMS, as described by Gülerce and Abrahamson (2011) . As noted in the Introduction, the vertical CMS produced from such a methodology is the most realistic way of considering the interaction between the horizontal and vertical motions that can serve for the scaling of three-component acceleration time-histories in structural analysis. This requires the generation of a compatible GMPE for the horizontal spectral ordinates, which is beyond the scope of this paper. However, because our next project is the development of a new European GMPE for the prediction of spectral ordinates for an extended range of magnitudes, which will be developed from the full dataset that was considered for this study, such a correlation model will be generated as part of that endeavor. In the meantime, we recommend the use of the model of Gülerce and Abrahamson (2011) for this purpose.
Data and Resources
The ground motions used in this study are obtained from (a) the web site www.daphne.deprem.gov.tr, operated and maintained by the Earthquake Division of the Turkish Disaster and Emergency Management Agency (DEMA), (b) the Italian strong-motion database, available at www.itaca .mi.ingv.it, and (c) the Internet-Site for European StrongMotion Data, available at http://www.isesd.hi.is/ESD_Local /frameset.htm.
The NGA-West 2 project is available at http://peer .berkeley.edu/ngawest2/index.html.
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